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TBB USB OF PHASE 'l'KANSFORIIATIONS IN TBB DESIGN OF ALLOY S'l'EBL . 

1. W. Morris. Jr. 
Department of Materials Science and Mineral Engineering and 
Materials and Molecular Research Division. Lawrence Berkeley Laboratory. 
University of California. Berkeley. CA 94720 

ABSDAC'l" 

This paper ·is intended to describe and illustrate the use of phase 
transformations in the design of new alloy steels. The general method of 
alloy design is described. · Two examples are discussed: the development of 
new ferritic structural st.eels for use at cryog.enic temperature. and the 
development of 'dual phase' steels for ~utomotive use~ 

IN'l'ROJ)UCTION 

The phase transformations that are considered in this paper are moder
ately well understood~ The subject is how they are employed in the systema
tic design of new materials that have predetermined sets of properties. The 
notion that one can use the theory of phase transformations to engineer the 
properties of materials is ·a relatively modern one. It should. therefore. 
be worthwhile to. outline the method and its context before turning to speci
fic examples. 

The vast majority of the engineering materials that are used in modern 
technology are not 'designed' in any sense. They are either the accidental 
product of research directed toward other ends.(serendipity) or the residue 
of a more or less comprehensive screening of all.materials that might con
ceivably work in a particular application (Edisonian testing). This will 
continue to be the case. But engineering systems, .are becoming increasingly 
complex. and new concepts in engineering devices are increasingly dependent 
on the ayailability of materials that .have exceptional or highly specific 
combinations of properties. Since satisfactory materials often do not 
exist. and since it cannot be assumed that they will be accidentally disco
vered. it is incre.asingly·. important that materials scientists learn how to 
invent them in a systematic and timely way. 

Modern materials science offers the outline of a method for creating a 
new material that can be implemented successfully if a ·sufficient body of 
fundamental information is available. The procedure is an iterative one 
that involves three step.s. In the first step one utilizes the relation 
between the structure o.f a material and its properties to select a compo
·sition and a microstructure that is hypothetically capable of achieving the 
target set of properties.· ~In thersecond step one utilizes the connection 
between the structure of a material and the procexssing it has received to 
design a processing sequence that is hypothetically able to produce the 
desir.ed microstructure. In the third step one analyzes the material and 
tests its properties. uses the res~lts to refine the processing sequence and 
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the target microstructure. and iterates the whole procedure until a satis
factory result is obtained. Because the structure-property and structure
processing relations are imprecisely known. the method can be difficult to 
apply. Nonetheless it is often effective. and will become more so as the 
theory of material behavior develops. 

The theory of phase transformations principally affects the second step 
of the recipe for alloy design. While phase transformations do occasionally 
have a direct influence on material properties. they are most important in 
materials processing. In fact. from the perspective of alloy design the 
theory of phase transformations and the theory of processing are nearly 
synonymous. 

But given the fundamental emphasis of most work on the theory of phase 
transformations it is pertinent to point out how the designer of alloys uses 
it. The theory-of phase transformations is largely concerned with the 
identification of equilibrium states and· the mechanisms of spontaneous 
evolution toward them. The designer of alloys is mainly concerned with the 
control of microstructure. and almost never finds the ~quilibrium micro
structure useful. He must usually try to drive the alloy into a desirable 
non-equilibrium state that can be preserved. This is done by creating an 
initial state that is far from ultimate equilibrium. but is so chosen that 
as the system evolves toward equilibrium it passes through the state he 
wishes to achieve. He controls the microstructure by 'freezing' the alloy 
in this intermediate condition. Sometimes the intermediate state is meta
stable. but much more often it is a thermodynamically unstable state whose 
evolution i~ slow enough to be ignored. Fine-grained polygranular alloys. 
highly dislocated alloys. martensitic alloys. and precipitation-hardened 
alloys are classic examples of the latter case. The designer of new mate
rial~ is therefore more interested in what the theory of phase transforma
tions .has to say about the path and the kinetics of evolution toward equi
librium than in what it teaches about the equilibrium states themselves. 

In the following the use of phase transformations in steel alloy design 
is illustrated by discussing two modern developments: cryogenic steels that 
are intended for structural use at very low temperature. and 'dual phase' 
steels that were designed for high strength and formability for automotive 
·applications. The c'hoice of these examples is motivated by the fact that 
each can be made by putting the alloy in a martensitic starting condition 
and giving it an appropriate thermal cycle. Hence the phase transformations 
involved are relatively simple. The problem is to manipulate the phase 
transformations to achieve a microstructure that matches the one identified 
from the .structure-property relation. 

".l11BRJJAL CYCLING 

The steel heat treatments considered here are variations on a single 
elementary step: an alloy that has been quenched to a martensitic starting 
structure is reheated to ·accomplish a partial or complete reversion to the 
austenite phase. If we restrict our attention to low-interstitial alloys 
whose primary constituent stabilizes the austenite phase then it is possible 
to distinguish a sequence of characteristic microstructural changes that 
occur as the reheat temperature is raised [1]. The four characteristic 
temperatures are labelled in Figure 1 along an isocomposition curve in a 
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schematic drawing of the Fe-rich section of a binary phase diagram. These 
four temperatures define prototypic reactions that occur when the alloy is 
heated, isothermally held, and then cooled. The four reactions are listed 
below (the letters in parentheses are the symbols that are often used to 
designate them). 

(1) Normal Tempering (t). Normal tempering occurs when the steel is 
held at a temperature within the a range. The common reactions include 
precipitation, particularly precipitation of carbides, and recovery through 
the polygonization of dislocations and the equilibration of point defects. 

(2) Intercritical. Tempering (T). If the alloy is reheated to a tem
perature just within the two-phase (a+y) region then a solute-rich y phase 
precipitates while the residual a phase loses solute and tempers. The y 
phase is retained during cooling to room temperature. The final microstruc
ture is a two-phase mixture of tempered martensite and y. 

(3) Intercritical Annealing (B,L,Q'). If the alloy is reheated to near 
the top of the (a+y) region then a more extensive decomposition occurs. The 
y phase formed at these temperatures is relatively lean in solute andre
transforms during cooling, producing a microstructure that is a mixture of 
tempered martensite and fresh martensite. 

(4) Austenite Reversion (A.Q). If the alloy is heated rapidly through 
the a+y region then it reverts fully to they phase. It then retransforms 
to martensite on quenching to room temperature. The microstructure may or 
may not be significantly changed by the thermal cycle, depending on the 
reversibilty of the martensitic transformation, the heating and cooling 
rates, and whether the reversion to the austenite phase introduces .suffi
cient strain to trigger a recrystallization reaction during holding in the y 
fie.ld. 

"l11B USB OF THERMAl. CYCLING IN ALLOY DESIGN 

Cryogenic Steels 

Many modern engineering devices operate at cryogenic temperatures, 
employ cryogens as working fluids, or use cryogenic confinement for fuel 
storage. Since typical structural steels become brittle at low temperature, 
special alloys are required for cryogenic service. 

The structure-property relation •. The relations that govern the duc
tile-brittle transition in steel are at least partly understood, from the 
results of fundamental research and by inferen9e from the behavior of the 
alloys that retain good toughness at low temperature. The best of the 
ferritic cryogenic structural alloys are Fe-Ni steels, of which the most 
widely used is Fe-9Ni in the QT condition. The ferritic Fe-Ni steels form 
dislocated lath martensite on quenching to ambient temperature (Fig. 2). 
Subsequent intercritical tempering causes the precipitation of austenite in 
small islands along the lath boundaries (Fig. 3). 

The toughness of a typical Fe-Ni steel varies with temperature in the 
characteristic manner diagrammed in Figure 4 [2,3]. At temperatures above 
the ductile-brittle transition temperature (TB) the alloy fractures in a 
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ductile mode~ and has a relatively high fracture toughness that is largely 
determined by the density of microstructural sites (principally large preci
pitates and inclusions) at which ductile voids can nucleate and grow. The 
alloy becomes brittle over a narrow temperature range that defines T8• The 
embrittlement is caused by the intrusion of a transgranular cleavage frac
ture mode: the step-wise fracture of elements of the microstructure that 
define its effective grain size. The effective grain size in these alloys 
is the dimension over which the laths of martensite are in crystallographic 
alignment (the 'packet' size); the principal mechanism of transgranular 
cleavage is the cooperative fracture of a packet along the {100} cleavage 
plane (Fig. 2,5). A cryogenic alloy should have a high toughness above T8 
and a transition temperature that falls below the intended temperature of 
service. To achieve this it is desirable to minimize the density of void 
nucleation sites~ increasing the upper shelf toughness~ and refine the 
effective grain size 1 decreasing T8• 

Intercritical tempering improves both the upper shelf toughness and the 
transition temperature of 9Ni steel. The increase ,in the upper shelf tough
ness is apparently due to the gettering action of the austenite~ which 
preferentially dissolves carbides and other deleterious species. The de
crease in T8 is apparently due to the morphology of the austenite precipita
tion along the lath boundaries of the martensite~ which indirectly [2,3] 
breaks up martensite packets and makes cleavage more difficult. 

The Structure-Processing Relation: Alloy Design. Research on the 
structure-property relation and on the specific properties ·of commercial 9Ni 
steel suggests that a good ferritic cryogenic steel must have two micro
structural characteristics: a clean or gettered matrix and a small effective 
grain size. These criteria have been used to design low-Ni and Ni-free 
alloys for service at 77K, grain-refined alloys for service at 4.2K~ and 
weldments for use at both temperatures. 

(a) Low-Ni Alloys. Since Ni is one of the more expensive alloying 
additions to steel, it desirable to keep the Ni content as low as possible. 
However~ the mechanism of grain refinement in QT-treated steels is the 
precipitation of austenite along the lath boundaries. If the Ni content is 
low the austenite nuclei are widely separated and the effective grain size 
remains large. To overcome this problem low-Ni steels are given a two-step 
treatment after quenching. The treatment is QBT (designated QLT or QQ'T in 
Iapan). The intermediate step is an intercritical anneal that introduces a 
substantial fraction of austenite along the lath boundaries. This austenite 
is not retained on cooling to room temperature 1 but leaves interlath islands 
that are relatively high in Ni content (-9Ni in a B-treated S.SNi steel). A 
high-alloy austenite precipitates within these enriched regions during the 
final intercritical temper, creating a dense distribution of fine, interlath 
particles that refine the effective grain size and decrease TB. This treat
ment is the basis of the commercial S-6Ni cryogenic steels·t4~S1. A some
what more elaborate three-step treatment, QBB'T1 has recently been applied 
to a 3.8Ni steel [6] to achieve good properties at 77K. 

(b) Ni-Free Alloys. The structure-property relation suggests that T8 
is primarily determined by the alloy microstructure. The composition is 
important mainly because it affects the nature of the phase transformations 
and governs the microstructures that can be produced with simple heat treat
ments. It should, therefore, be possible to replace Ni with a less expen-
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sive alloying element that has a similar metallurgical effect. Manganese is 
the obvious candidate, since Fe-Mn alloys resemble Fe-Ni alloys in their 
transformation behavior so long as the Mn content is less than about 7 wt.%. 
Promising laboratory results have been obtained with ferritic Fe-Mn alloys. 
The first successful Ni-free alloy was a 5-Mn alloy [7] that was given an 
alternate thermal cycling treatment to refine the e"ffective grain size and 
create Mn-rich islands, then tempered to introduce a distribution of preci
pitated austenite. The final treatment is QABABT. and the alloy has a good 
combination of strength and toughness at 77K. More recently (8] good 77K 
properties have been demonstrated in a 6-Mn alloy in the QBT condition. 

(c) Alloys For Use at 4K. The need for structural alloys for high 
field superconducting devices has led to research on ferritic steels for use 
at 4K. Such alloys must have an extremely fine effective grain size. To 
achieve that it is desirable to use a somewhat higher Ni content to lower 
the martensite transformation temperatures. A thermal cycling treatment can 
then be used to break up the martensite packets. The first promising 4K 
alloy had the composition Fe-12Ni-0.25Ti (9]. The Ti was added to getter 
carbon and oxygen. The alloy was processed through the thermal cycle QABAB 
(the '2B' treatment) to break up the martensite packets:. the success of this 
treatment is due to the alternation of austenite reversion (A) and intercri
tical annealing (B). which perturbs the martensite substructure. There
sulting alloy has a toughness competitive with that of the best austenitic 
stainless steels at 4.2K [10]. Since the heat treatment is finished with an 
intercritical anneal the alloy contains no retained austenite. and has a low 
~oefficient of thermal expansion and good dimensional stability on cooling. 
Because these latter properties combine with its high strength and toughness 
it is the leading candidate alloy for aerodynamic models in cryogenic wind 
tunne 1s [11]. 

(d) Ferritic Weldments. Until recently it was necessary to weld ferri
~ic cryogenic steels with high-Ni austenitic filler metal. to avoid the 
brittleness of the as-solidified structure of ferritic steel. Such weld
ments are costly and relatively low in strength. The need for them was 
overcome [12] by the development of a controlled multipass gas tungsten arc 
(GTA) welding procedure in which the heat input in each pass is used to 
treat the material that was previously laid down. Recent research [13] has 
shown that this welding procedure is successful because it changes the 
nature of the martensitic transformation. When an Fe-Ni steel is given a 
very rapid reversion treatment the martensite forms in disorganized packets 
that have a fine effective grain size. Moreover, a rapid cycle to a temper
ature in the normal tempering (t) range causes the aggregation of carbon 
into relatively innocuous carbides in the lath boundaries. When 9Ni steel 
is welded with ferritic filler using a GTA process in which each weld bead 
experiences several rapid thermal cycles from subsequent passes. the weld
ment has excellent low-temperature toughness even though it contains no 
precipitated austenite. The heat-affected zone is re-toughened in the same 
way. Multipass GTA welding has also been successfully used to weld 12Ni 
steel for service at 4K [14]. 

Dual Phase Steels 

One of the major uses of steel is in automobile bodies. The sheet 
- steels that are used must be inexpensive (i.e •• low alloy). formable. and 

relative high in strength to reduce weight. The most promising of the new 
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automotive alloys are the 'dual-phase' steels, which were developed during 
the last d~cade through research in Japan [15] and in the United States 
[16]. 

The Structure-Property Relation. The simultaneous need for low cost, 
high strength, and formability imposes criteria that are superficially 
contradictory. High strength is achieved at low cost in low-alloy martensi
tic steels, but these steels have limited formability. The best simple 
measure of the formability of a steel is its tensile elongation [17], which 
is governed by its resistance to plastic instability (necking). Necking is, 
in turn, governed by the balance between the strength of the steel and its 
rate of work hardening. Necking occurs in a tension test when 

do/de = a , (1) 

where a is the instantaneous value of the (true) yield stress, and da/de is 
the work hardening rate, the derivative of the yield stress with respect to 
the true strain. Most alloys have low tensile elongation because yield 
strength is an increasing function of the strain, while the work hardening 
rate decreases with strain; hence the necking condition is satisfied at 
relatively low strains. 

One way to increase the total elongation is to make a composite struc
ture of ductile elements that have very different initial yield strengths. 
The deformation of the softer phase then dominates the early stages of 
deformation. As it work hardens, its strength increases to a level that 
shifts deformation to the harder phase, causing it to work harden and main
tain a high value of da/ds. At the same time, the h~rd phase serves to 
increase the tensile strength. 

) ' 
The so-called dual phase steels are composites of fresh martensite (the 

hard constituent) and tempered ferrite (the soft constituent). Their ulti
mate tensile strengths and total elongations are very nearly equal to the 
weighted averages of the properties of the two constituents, by the Law of 
Mixtures (Fig. 6) [18]. As shown in the figure, they offer exceptional 
combinations of strength and elongation. 

The Structure-Processing Relation: Alloy Design. Because of the need 
to manufacture automotive steels at minimum cost in available mills, a wide 
variety of dual phase steels and heat treatments have been developed. The 
oldest and simplest method, however, is the straightforward QB treatment 
that is the first presented in Fig. 7 [19], and is applicable to ¥e-Si-C and 
Fe-Mn-C alloys. The addition of the substitutional alloy species (Si or Mn) 
suppresses the nucleation of ferrite and permits a lath martensite structure 
to form on quenching. An intercritical anneal then causes the formation of 
austenite along the martensite lath boundaries and simultaneously tempers 
the residual martensite. The bulk of the precipitated austenite transforms 
to dislocated martensite during cooling. The final alloy is a mixture of 
fresh martensite (the hard constituent) and tempered martensite (the soft 
constituent). Its microstructure is illustrated below its heat treatment in 
Fig. 7 •. Depending on the composition of the alloy and the precise tempera
ture of the intercritical treatment, a small fraction of austenite may also 
be retained after cooling. This austenite is useful since it transforms to 
martensite during deformation. Since the variant of the martensite that is 
most compatible with the applied load forms preferentially, the transforma-

,, 
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tion strain adds a virtually 'free' lncremen~ to the elongation [20]. 

The other two heat treatments diagrammed in Fig. 7 illustrate how the 
microstructure of a dual phase steel can be altered by changing the nature 
or sequence of the phase transformations. If the alloy is cooled to the B 
treatment temperature and held there. ferrite forms along the prior auste
nite grain boundaries. The remaining austenite transforms to martensite on 
cooling to room temperature. yielding blocky martensite islands within a 
network of softer ferrite. If the alloy is cooled slowly to room tempera
ture rather than quenched, it transforms to ferrite or ferrite plus pear
lite. During the subsequent intercritical anneal austenite forms in the 
pearlite regions or along the ferrite grain boundaries, yielding a blocky 
mixture of islands of fresh martensite and tempered ferrite. The most 
relevant properties of a dual.phase steel are. however, more sensitive to 
the constituent fraction than to the microstructural details. The specific 
heat treatment is usually chosen on the basis of economics and compatibility 
with the existing plant. 

CONCLUSION 

The examples above were chosen to show how a few simple phase transfor
mations can be used to design alloy steels with tailored properties. Many 
other examples could be cited. In each case the key element in the alloy 
design is not so much the sophisticated use of the phase transformations as 
the appropriate match between the phase transformations that establish the 
microstructure and the structure-property relation that identifies the mi
crostructure that is most appropriate. 
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FIGURE CAPTIONS 

Fig. 1. The four characteristic reactions on a section of an Fe-X binary 
phase diagram. 

Fig. 2. The structure of Fe-9Ni steel in the Q condition: (a) optical 
micrograph showing the organization of martensite laths into packets. (b) 
transmission electron micrograph showing crystallographic alignment and 
the location of the (100} cleavage plane. 

Fig. 3. Bright and dark field transmission electron micrographs showing 
precipitated austenite along lath boundaries in 9Ni steel 

Fig. 4. Schematic drawing .of the variation of toughness with temperature 
in Fe-Ni steel. with scanning electron fractographs showing ductile rupture 
above TB• . transgranular cleavage below TB. · 

'· 
Fig. 5. Profile transmission electron fractograph showing the coopera
tive cleavage of martensite packets along the (100} plane. 

Fig. 6. Comparative properties of various automotive steels. showing 
the superior co~bination of strength ~nd elongation in dual phase steels. 

Fig. 7. Three possible heat treatments of dual-phase steel with typical 
microstructures. : 
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Fig. 2a XBB 796-7883 
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Fig . 5 XBB 812 - 1672 
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